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ABSTRACT: The individual and coherent control of solid-state 
based electron spins is important covering fields from quantum in-
formation processing and quantum metrology to material research 
and medical imaging. Especially for the control of individual spins 
in nanoscale networks, the generation of strong, fast and localized 
magnetic fields is crucial. Highly-engineered devices that demon-
strate most of the desired features are found in nanometer size mag-
netic writers of hard disk drives (HDD). Currently, however, their 
nanoscale operation, in particular, comes at the cost of excessive 
magnetic noise. Here, we present HDD writers as a tool for the ef-
ficient manipulation of single as well as multiple spins. We show 
that their tunable gradients of up to 100 µT/nm can be used to spec-
trally address individual spins on the nanoscale. Their GHz Band-
width allows to switch control fields within nanoseconds, faster 
than characteristic timescales such as Rabi and Larmor periods, 
spin-spin couplings or optical transitions, thus extending the set of 
feasible spin manipulations. We used the fields to drive spin tran-
sitions through non-adiabatic fast passages or enable the optical 
readout of spin states in strong misaligned fields. Building on these 
techniques, we further apply the large magnetic field gradients for 
microwave selective addressing of single spins and show its use for 
the nanoscale optical colocalization of two emitters. 
Networks of interacting nitrogen-vacancy defect (NV) spins in 
diamond have a wealth of potential applications1, ranging from 
quantum information processing2 to sensing arrays3–5. Spins in a 
coherently coupled network may exchange quantum information 
and form a quantum register. To fully control a network containing 
many NVs, the selective manipulation of individual spins has to be 
possible. However, when multiple NVs are located within the same 
diffraction limited spot, i.e. 𝑑 < 200 nm, they cannot be easily con-
trolled individually if they have parallel axis orientations. One 
needs to resort to super-resolution techniques like STED to indi-
vidually address the defects which often have a negative impact on 
neighboring spins6. Magnetic field sources exhibiting strong gradi-
ent and a high bandwidth, i.e. fast switching times, offer an ade-
quate solution. Gradient fields can be used to encode the location 
of NVs onto its spin properties such as its Larmor precession7. 
Hence, they separate these properties of otherwise indistinguisha-
ble spins and can make them individually addressable. Coherent 
dipolar coupling among neighboring spins requires distances below 
some tens of nanometers8. Detuning such spins necessitates strong 
gradients7 on the order of 10-100 µT/nm. Fast switching times are 
required as the gradient field might interfere with the dynamics of 
the network, so that it can be exclusively applied for local manipu-
lations of single spins. At the same time, fast changing control 
fields can also affect the spin dynamics, e.g. through non-adiabatic 
fast passages which have to be controlled or avoided. As a draw-
back, sources able to generate strong fields at a high bandwidth may 
also introduce strong magnetic noise. This effect needs to be taken 
into account, as it further limits the distance between coherently 
interacting spins. 
We find the desired features for a gradient field source readily 
available in magnetic writers of commercial hard disk drives9 
(HDD). Modern HDDs can produce magnetic fields on the order of 
1 T with gradients of up to 10 mT/nm and pulse them well within 
a nanosecond10. In order to flip the magnetization, i.e. write a bit, 
HDDs use a microscale lithographed electromagnet, the writer, as 
shown in Figure 1a. The demand for higher storage capacities and 
faster operation has prompted the miniaturization of the device and 
decades worth of engineering have developed HDD writers to a so-
phisticated tool.  
HDD writers consist of a nickel-iron alloy core with a high per-
meability (µ > 10,000) that is shaped in three poles perpendicular 
to the air-bearing surface (ABS) of the head and a connecting yoke 
on top. The central pole, the write pole, is tapered to a 100 nm wide 
tip on the ABS while the two outer (return) poles end in broad 
shielding brackets close to the write pole. The front return pole 
closes on the write pole with a small gap of about 20 nm, while the 
back return-pole ends in a few micrometer distance. A pair of coils 
is photolithographically designed around the yoke such that the 
write pole is jointly magnetized in one direction when a current of 
up to 30 mA is applied. Once magnetized, the magnetic field is 
emitted perpendicular to the ABS from the write pole and curls 
around to the nearby front return pole. This geometry creates a 
strong magnetic field gradient where only a 20 nm sized area is 
strong enough to flip the magnetization of the recording medium 
underneath the ABS. In order to write data quickly the writer is 
designed to have a GHz bandwidth. It was previously reported that 
NV spins are suitable nanoscale magnetometers for the characteri-
zation of such fields10. Here we reverse the situation and show their 
versatility in the control of single as well as multiple NV spins and 
demonstrate their potential use for the selective addressing of NV 
spins. 
The NV is a point defect where one carbon atom is missing 
from the diamond lattice and a nitrogen atom substitutes a 
neighboring site (see Figure 1b). In its negative charge state the NV 
has triplet (𝑆 = 1) ground (3A) and excited (3E) states and additional 
metastable singlet (𝑆 = 0) states. 
The Hamiltonian 𝐻 describing the spin of the triplet ground 
state is in its simplest form11 
 𝐻 = 𝐷?̂?𝑧
2 +
𝛾
2𝜋
(𝐵𝑥?̂?𝑥 + 𝐵𝑦?̂?𝑦 + 𝐵𝑧?̂?𝑧) . (1) 
It exhibits a zero-field splitting (ZFS) of 𝐷 = 2.87 GHz and an 
isotropic Zeeman interaction with a magnetic field ?⃗?  and a 
gyromagnetic ratio of 𝛾/2𝜋= 28.02 GHz/T. Figure 1c shows the 
spin energy levels for axial 𝐵𝑧 and radial 𝐵⊥ = (𝐵𝑥
2 + 𝐵𝑦
2)
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fields. At moderate magnetic fields |?⃗? | ≪ 2𝜋𝐷/𝛾 ≈ 100 mT the 
ZFS is the dominant term and defines the quantization axis along 
the symmetry axis 𝑧 of the defect. The contribution of axial fields 
𝐵𝑧?̂?𝑧 leaves the quantization axis unchanged and only shifts the 
eigenenergies resulting in a linear Zeeman effect that splits the 
magnetic states 𝑚𝑆 = ±1 by a factor 𝛾/𝜋 ⋅ 𝐵𝑧. Radial contributions 
𝐵𝑥?̂?𝑥, 𝐵𝑦?̂?𝑦, on the other hand, mainly mix magnetic states 𝑚𝑠 =
2 
±1 and result in quadratic Zeeman interaction. With the knowledge 
of two transition frequencies two components of the magnetic field 
𝐵𝑧 and 𝐵⊥ and consequently the polar angle tan 𝜃 = 𝐵⊥/𝐵𝑧 can be 
drived while the azimuthal angle tan 𝜙 = 𝐵𝑦/𝐵𝑥 remains 
ambiguous12–15. 
Figure 1. Hard disk drives (HDD) and nitrogen vacancy (NV) 
defects in diamond. (a) Schematic overview of a hard disk write 
head. In a HDD a head incorporating a writer is suspended over the 
disk. The writer is a microstructured electromagnet with a central 
pole emitting a field able to flip the magnetization of a 20 nm wide 
sector on the recording medium. (b) Diamond unit cell with NV 
defect showing the orientation of magnetic fields with respect to 
the defect symmetry axis. (c) Spin energy levels in the NV- triplet 
ground state 3A for axial (top) and radial (bottom) magnetic fields. 
A zero-field-splitting of 2.87 GHz acting along the symmetry axis 
causes an anisotropic interaction with magnetic fields. (d) 
Electronic level scheme with optical cycle (green, red arrows) 
between triplet states 3A and 3E. Intersystem-crossing (ISC, 
yellow) allows a non-radiative decay to the singlet states (not 
depicted) and back to 3A resulting in a fluoresence contrast between 
spin states and spin polarization. (e) Experimental setup. A HDD 
head is mounted on a piezo stage and rests in flat contact on a 
diamond membrane (1). A confocal microscope (2) has access from 
below to monitor NV defects close to the writer (inset). The writer 
is controlled by a signal generator (3). A wire antenna and a 
permanent magnet are used for additional control fields (4). 
Figure 1d depicts the electronic level scheme of the NV. A 
spin-conserving optical transition can be driven to excite the NV 
electron system into the 3E state. The spin state can be read out via 
the fluorescence intensity of the defect. Here the 𝑚𝑆
(𝑧)  =  0 state in 
the optically excited state mostly decays through fluorescence 
while the 𝑚𝑆
(𝑧)  =  ±1 states have a significant rate of non-
radiatively decaying through intersystem crossing (ISC)16. This 
leads to a fluorescence contrast between these spin states and 
allows for optically detected magnetic resonance (ODMR). 
Typically spin states are manipulated by resonant microwave 
radiation17. However, in radial fields the spin basis is mixed and all 
states have significant ISC rates. Therefore, ODMR only yields a 
sufficient fluorescence contrast under the constraint that radial 
fields are smaller than ~20 mT18,19. 
A schematic of the experimental setup is depicted in Figure 1e. 
We connect a generic perpendicular magnetic recording head to a 
frequency generator. In order to have the magnetic field of the 
writer interact with NV spins we place it with the ABS in flat con-
tact to the surface of a diamond substrate. As the field strength of 
the writer decays strongly over distance we use NV defects 5-
20 nm below the diamond surface. Using diamond membranes of 
30-50 µm thickness, we have optical access from the back surface 
of the diamond. The membranes are mounted on an objective-scan-
ning confocal microscope (60x/1.35 NA oil objective) to excite the 
electronic transitions and to collect the photoluminescence (PL). 
The HDD head together with its assembly is mounted on a separate 
piezo stage. The assembly’s flexibility helps to stabilize the ABS’s 
position with respect to the diamond surface as the head will mostly 
be kept in place by static friction. In order to actually move the 
head, the tension in the assembly has to overcome the static friction. 
At this point the head will start to slide over the diamond surface 
and can follow steps with a lateral positioning accuracy on the order 
of 10 nm. 
In order to control individual spins on the nanoscale using the 
HDD’s gradient field, the writer needs to be placed close to the 
NVs. However, while its ferromagnetic core enables the HDD’s 
field amplitude and gradient, it comes at the cost of large magnetic 
noise even when the write current is off. Many applications of the 
NV rely on spin polarization or coherent phase evolution where the 
relaxation times 𝑇1 and 𝑇2 are the limiting factors, respectively. 
Hence, the impact of this noise source on the spin relaxation times 
needs to be characterized for such applications. To probe the noise 
spectrum in different frequency domains we employ relaxometry20–
24. By measuring the longitudinal relaxation time 𝑇1 = 1/𝛤1 we 
gain insight into the noise spectral density at the zero field Larmor 
frequency of about 3 GHz of noise components perpendicular to 𝑧. 
Measurements of the transversal relaxation time 𝑇2 = 1/𝛤2 probe 
noise components at lower frequencies25 parallel to 𝑧. The corre-
sponding total relaxation rates 𝛤tot = 𝛤int + 𝛤ext can be separated 
into an intrinsic contribution 𝛤int caused by a variety of sources 
within the diamond and an external part 𝛤ext caused by the writer. 
For magnetic noise the external rate can be written as25 
 𝛤ext = 𝛾
2 ⋅ 〈𝐵2〉 ⋅ ∫ 𝑆(𝜈) ⋅ 𝐹𝑖(𝜈) d𝜈 , (2) 
where 𝛾 is the gyromagnetic ratio, √〈𝐵2〉 the effective magnetic 
field at the position of the NV, 𝑆(𝜈) the normalized power spectral 
density (PSD) depending on the frequency 𝜈. The filter function 
𝐹𝑖(𝜈) describes the spectral sensitivity depending on the measure-
ment sequence. 
For the scan in Figure 2a the microscope objective is aligned to 
a single NV while for different writer positions the spin relaxation 
is measured to determine 𝑇1. During the measurement no electric 
current is applied to the writer. With an increasing distance to the 
write and return poles the longitudinal spin relaxation time reaches 
several hundred microseconds (bottom part of Figure 2a and line 
plot in Figure 2b). Below the write and return pole the magnetic 
field noise reduces 𝑇1 to values around 100 µs (upper part). Close 
to the expected position of the write pole (center in Figure 2a and 
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b) the longitudinal relaxation times are further reduced to only tens 
of microseconds. These two sets of data with and without influence 
of the writer allow us to estimate the magnetic noise. 
The filter function 𝐹𝑖(𝜈) of a 𝑇1 relaxometry measurement is 
only significant around the NV’s ESR frequency around 3 GHz25. 
Assuming a constant PSD over this sensitivity range the spectral 
magnetic field noise 〈𝐵2〉 ⋅ 𝑆(3 GHz) = 4.9 nT²/Hz (or 
√〈𝐵2〉 ⋅ 𝑆(3 GHz) = 2.2 nT/√Hz) can be calculated at the position 
closest to the write pole. 
Figure 2. Passive effects. (a) 𝑇1 relaxometry lateral scan of the 
writer. The NV’s spin relaxation is measured in respect to the 
relative position between writerp and NV (objective fixed on NV, 
HDD scanned, writer off) to determine 𝑇1. The estimated position 
of the write pole is depicted by the blue arrow. (b) Line scans along 
the lines (blue and green) in (a). The gray areas show the estimated 
position of the write (wp) and return pole (rp). (c) Comparison of 
the transversal relaxation time 𝑇2 of three NVs (indicated as green, 
orange and blue) with (saturated) and without (pale) write head on 
top. All lines were measured with a similar overall measurement 
time. Therefore, lines with longer echo times appear noisier 
compared to lines with shorter ones. 
Figure 2c shows 𝑇2 measurements for three different NVs with 
(saturated) and without (pale) write head. We often observe trans-
verse relaxation times close to the writer are reduced to an order of 
a few hundred nanoseconds (NV3, green: 510 ns), compared to a 
few µs without writer. In some circumstances, however, we do find 
relaxation times on the order of a few µs (NV1, blue: 4.6 µs and 
NV2, orange: 2.7 µs) with the engaged writer. When a similar anal-
ysis as for 𝑇1 is applied, we can determine the magnetic noise for 
the second frequency domain. The filter function of a spin echo 
measurement depends on the total evolution time. For 10-100 µs 
the dominant sensitivity range is in the sub MHz regime25. In this 
range we find noise ranging from 〈𝐵2〉 ⋅ 𝑆(1 MHz) = 13 nT²/Hz 
(3.6 nT/√Hz) up to 96 nT²/Hz (9.8 nT/√Hz) (NV 1 and 3 respec-
tively). 
We find that the writer introduces large magnetic noise to NV 
spins in its vicinity. This may impede interferometric measure-
ments, like nuclear spin detection, or even disrupt potentially cou-
pled networks of spins. For instance, the maximum distance at 
which NV1 could coherently couple to a neighboring NV would be 
reduced from 17 nm to 8 nm in the presence of the writer8. Never-
theless, while we find applications based on the spins’ phase evo-
lution to be challenging they are in principle possible. 
In a similar scenario where two parallel NV are separated by 
10 nm, a gradient magnetic field on the order of 100 µT/nm is re-
quired to separate the individual resonance lines by Δ𝜈 =
Δ𝑟 𝛾/2𝜋 ⋅  𝑑𝐵/𝑑𝑟 ≈  30 MHz which allows for fast, high-fidelity 
and selective manipulations. The writer can easily produce such 
gradients, however, only in conjunction with strong, arbitrarily ori-
ented fields that generally prevent ODMR. Hence, before selective 
microwave pulses can be applied, we must confirm that the gradient 
field can be switched off for initialization and read-out and that spin 
manipulations work in arbitrary fields. The large bandwidth of the 
writer allows to switch the magnetic field on fast timescales. While 
this is generally desired, fast magnetic field ramps can induce ad-
ditional dynamics on the NV spin. One particular behavior is the 
non-adiabatic fast passage. If the field is misaligned from the NV 
symmetry axis and the Zeeman interaction exceeds the ZFS, i.e. for 
field strength beyond 100 mT, the eigenstates change substantially 
and the corresponding energies are swept over a level anti-crossing 
(LAC). In this case the spin state gradually follows the change of 
the eigenbasis in an adiabatic process (if the sweep is slow com-
pared to the energy gap 𝛥 at the LAC) or to a new state in a non-
adiabatic process (if the sweep is fast). The transition probability 𝑃 
is well described by the Landau-Zener formula26 
 𝑃 = 𝑒−
𝜋2Δ2
 𝑣  , (3) 
where 𝜈 is the rate of change of the eigenenergies during the sweep, 
also known as the Landau-Zener velocity. In the case of the NV the 
gap energy is given by the radial field strength 𝛥 = √2 ⋅ 𝛾/2𝜋 ⋅ 𝐵⊥ 
at the avoided crossing and can be as large as the ZFS, i.e. 
2.87 GHz. The Landau-Zener velocity 𝑣 = 𝛾/2𝜋 ⋅ 𝜕𝐵𝑧 𝜕𝑡⁄  de-
pends on the speed of the magnetic field sweep. The writer can in 
principle sweep the eigenenergies with velocities of GHz/ns and 
consequently realistically drive non-adiabatic fast passages, where 
𝑣 ≫ 𝛥2. 
Figure 3. Non-adiabatic fast passage. (a) Level scheme for slightly 
misaligned magnetic fields. At about 100 mT the two lower 
electron spin states form a level anti-crossing (LAC). (b) A ramped 
magnetic field greater than 100 mT can lead to an adiabatic or non-
adiabatic evolution depending on the ramp time. (c) For ramp times 
longer than 100 ns (green) the system evolves adiabatically, 
whereas values shorter than 50 ns (blue) lead to a non-adiabatic 
evolution. (d) Pulse scheme for the measurement in (c). For 
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reference the red curve corresponds to a reduced ramp amplitude 
that prevents passing the LAC. 
For an experiment we move the writer close to a NV so that its 
write field has a small angle 𝜃 < 5° to the NV axis and a field 
strength of |𝐵| ≈ 100 mT (see Figure 3a). This setting is close to 
the LAC and introduces a mixing of the 𝑚𝑆 = 0 and 𝑚𝑆 = −1 
states. The gap energy 𝛥 in this case is smaller than 350 MHz. We 
then apply a pulse sequence (see Figure 3b and d) where we polar-
ize the NV spin into 𝑚𝑆 = 0 while the writer is off. Subsequently, 
we ramp the current beyond the avoided crossing on a varying time-
scale between 5 and 200 ns. Finally, we slowly ramp it back down 
over a period of 1 µs and read out the spin state. Assuming the fall-
ing ramp to be slow enough to change the spin state adiabatically, 
we expect fast passages during the rising edge to manifest as a re-
duction in fluorescence. Figure 3c shows the result of the measure-
ment. As expected we find non-adiabatic fast-passages for short 
rising edges and an exponential behavior towards an adiabatic 
sweep. As a reference we also recorded sweeps at lower current 
amplitudes that do not drive the system beyond the LAC. In this 
case we do not observe any population transfer, which is consistent 
with the theory. 
Assuming a linear increase of the magnetic field strength dur-
ing the ramp, i.e. 𝐵𝑧(𝑡) = 𝐵max ⋅ 𝑡/𝑡ramp, the Landau-Zener for-
mula 
 𝑃 = 𝑒−
𝜋2𝛥2
 𝑣 = 𝑒
−
𝜋2
γ/2π
⋅
𝛥2
𝐵max
⋅𝑡ramp = 𝑒−
𝑡ramp
𝜏  (4) 
is expressed in terms of the maximum field strength 𝐵max and the 
ramp time 𝑡ramp. This formula is used to fit the measurement data 
in Figure 3c by introducing and adjusting the fit parameter 𝜏 =
𝛾/2𝜋
𝜋2
⋅
𝐵max
𝛥2
= 48 ns which depends on both 𝐵max and 𝛥. 
The exact value of the energy splitting Δ during the sweep is 
unknown, as we can only characterize static fields for correspond-
ing DC currents. The dynamic field however may not necessarily 
have the same orientation as the settled system. The same argument 
holds for the maximum magnetic field strength 𝐵max. As the mag-
netic field has to exceed at least the LAC at the end of the sweep, a 
realistic lower bound for 𝐵max can be estimated. By assuming a 
𝐵max = 100 mT and taking the fit parameter 𝜏 = 48 ns into account 
also a lower bound for the energy splitting of 𝛥 = 77 MHz can be 
calculated. The corresponding maximum magnetic field rate ?̇?𝑧 =
𝜕𝐵𝑧/𝜕𝑡 for 𝑡ramp = 5 ns is ?̇?𝑧 = 20 mT/ns. For a realistic value the 
maximum magnetic field strength of about 𝐵max = 200 mT meas-
ured with an NV for hard disk recording heads10 can be considered. 
This leads to a splitting of 𝛥 = 109 MHz and a magnetic field rate 
of ?̇?𝑧 = 40 mT/ns (𝑡ramp = 5 ns). 
In principle Landau-Zener transitions are coherent processes. 
By finding the proper ramp times 𝑡ramp, gates similar to 𝜋- or, in 
particular, 𝜋/2-pulses are conceivable. In our experiments we 
were, however, not able to observe coherent state evolutions. Small 
changes in the magnetic field settings immediately translate into 
vastly different evolution speeds. We suspect that we could not 
drive the magnetic field accurately enough to a consistent setting 
and hence blurred out any coherent evolution under a large inho-
mogeneous broadening. 
With the knowledge of the spin’s behavior during magnetic 
field ramps, we can now construct a scheme to manipulate and re-
trieve the spin state in arbitrary fields and characterize the gradient 
field, i.e. search for appropriate resonances for selective address-
ing. As long as the magnetic field is ramped slowly enough for the 
spin to transition adiabatically from one quantization basis to the 
other, i.e. 𝛾/2𝜋 ⋅ ?̇? ≪ 𝛥2, the spin states populations are mapped 
unambiguously from basis to basis. As shown in the schematic in 
Figure 4a, this allows to probe for spin resonances in the radial field 
and retrieve the spin state optically. In an experiment we bring the 
write pole close to an NV defect. We apply a pulse scheme as 
shown in Figure 4c, where a laser pulse initializes the spin before 
the current on the writer is ramped up to 10-20 mA within 100 ns. 
The magnetic field is kept static for the duration of a probing mi-
crowave pulse before it is ramped down again for the optical read-
out. Figure 4b shows a spectrum recorded with this method. From 
the resonances we derive a magnetic field of |𝐵| = 75.4 mT and a 
polar angle 𝜃 = 52° during the write pulse. For larger fields the 
spin transitions between the highest and lowest states may become 
forbidden. In such a case additional microwave pulses are required 
to observe both transitions. 
Expanding on this method, we move the writer within its accu-
racy by 25 nm steps to map out the magnetic field around the write 
pole. Figure 4d shows the magnetic field strength and the axial and 
radial components that we derive from the measurement. As ex-
pected we see the magnetic field to vary strongly over the range of 
a few hundred nanometers ranging from 15 to 28 mT. Furthermore, 
we find magnetic field gradients on the order of 100 µT/nm, which 
is comparable to the gradient of magnetized atomic force micro-
scope tips or nanostructures for magnetic resonance force micro-
scopes27,28. 
 
Figure 4. Pulsed magnetic write fields. (a) Pulsed field ODMR. 
Due to the large bandwidth the write field can be applied only for 
a 𝜋-pulse while it is off for initialization and read-out. That way 
spin resonances can be probed at magnetic field strengths much 
greater than for DC magnetic fields. (b) Spectrum with two 
resonances corresponding to a magnetic field strength of 75.4 mT 
with a misalignment of 52°. The coloring indicates the path 
corresponding to the scheme in (a) in case the microwave is 
resonant (green) or off-resonant (blue). (c) Pulse scheme for the 
measurements in (b) and (d). (d) Magnetic field lateral scan around 
the write pole obtained by pulsed field ODMR. The magnetic field 
strengths range from 15 mT to 28 mT leading to magnetic field 
gradients on the order of 100 µT/nm. The spin transitions can be 
observed and controlled in arbitraryly oriented magnetic fields. 
Finally, this new ODMR method allows using the gradient field 
to address individual parallel NVs on the nanoscale7,27,29. Here we 
move the writer over a detected NV fluorescence spot that contains 
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such a pair of NVs (see Figure 5a and b) and apply the same pulse 
sequence as before (see Figure 4) with moderate current ampli-
tudes. At low currents we first find two resonance lines correspond-
ing to the two spin transitions of both defects (Figure 5c). However, 
when the current is increased the lines split into two pairs of lines 
corresponding to the individual transitions of each defect. In this 
case each NV spin state can be manipulated individually with a fi-
delity of 99% (calculated by the spectral overlap) and 10 MHz Rabi 
frequencies for the left transition pair in Figure 5c. By reducing the 
power broadening or applying higher write currents (corresponding 
to higher magnetic field gradients) the minimal distance of spec-
trally addressable parallel NV pairs can be even further reduced. 
Figure 5. Selective addressing of a pair of NVs using tunable 
magnetic field gradients. (a) Schematic picture of two parallel NVs 
in the gradient field of the writer. (b) A confocal scan shows NVs 
as diffraction limited spots. The central spot contains a parallel pair. 
(c) ODMR spectra of the NV pair. At low currents the spectral lines 
overlap. With increasing current first two resonance lines appear 
corresponding to the two possible transitions of both NVs. If the 
current is further increased the lines split up into two pairs of lines 
corresponding to the individual transitions of each defect. The 
fidelity, calculated by the spectral overlap, is 99% for the left 
transition pair. (d) Optically reconstructed relative (lateral) position 
of the parallel NVs in the centered confocal spot. The figure shows 
a histogram (1 nm bin width) of 286 individual DESM scans. The 
crosshair marks the origin point, i.e. the position of NV1. The 
relative distance to NV2 of 44.5 nm is determined with a resolution 
(FWHM) of 13.2 nm. 
The distance between the addressed NVs is an important meas-
ure for the applicability on spin networks. We determine their rel-
ative position with an optical reconstruction method, called deter-
ministic emitter switch microscopy (DESM)30 and at the same time 
demonstrate the usefulness of our addressing method. This super-
resolution method requires selective microwave pulses to switch 
individual defects to its dark spin state so that its image can be sep-
arated from a reference image where all emitters are bright. Figure 
5d shows a histogram of 286 relative positions of the pair extracted 
from DESM scans. We find a relative distance of 44.5 nm with a 
resolution (FWHM) of 13.2 nm. That implies that spectral address-
ing is possible on length scales close to typical dipolar coupling 
ranges. As we did not have to use the full strength of the gradient 
the approach would likewise work on defects as close as 10 nm. 
Our experiments show that HDD writers are a valuable tool for 
the generation of control fields in spin experiments. We are able to 
use various new degrees of freedom which are enabled by their re-
markable features. The GHz bandwidth allows to rapidly pulse con-
trol fields, modulate the spin dynamics in run time and drive non-
adiabatic fast passages. Pulsed magnetic fields allow measurements 
in strong off-axial fields that would otherwise not yield sufficient 
fluorescence contrast. This enables the use of the magnetic field 
gradient to address individual NV spins on the nanoscale. The 
method could easily be expanded to address larger clusters of NVs. 
However, the introduction of magnetic noise from the writer puts 
additional limitations on the interaction range of a coupled net-
work. Yet, as the writer can produce gradients on the order of 
mT/nm, spins within a few nanometer distance can be addressed. 
Hence, HDD writers are suitable for applications controlling large 
spin arrays as for example in proposed diamond-based quantum 
processor2,7,8. Ultimately nano-fabricated writers can serve as a 
template for micro- and nanostructures specifically tailored to the 
requirements of single spin research and devices. 
AUTHOR INFORMATION 
Corresponding Author 
*E-mail: i.jakobi@physik.uni-stuttgart.de. 
Author Contributions 
S.B., I.J., J.M., I.G., P.N. and J.W. conceived the experiments. S.B. 
and I.J. performed the experiments. S.B. and I.J. analyzed the data. 
S.B., I.J. and J.W. wrote the manuscript. 
 
Notes 
The authors declare no competing financial interests. 
ACKNOWLEDGMENT 
We acknowledge financial support by the German Science Foun-
dation (SPP1601 and FOR1493), the EU (ERC grant SMeL), the 
Volkswagen Foundation, the Humboldt Foundation, the Baden 
Wuerttemberg Foundation and the MPG. 
Furthermore, we thank Fadi El Hallak of Seagate Technology for 
providing hard disk head samples and technical assistance and Rob-
ert McMichael of NIST CNST for fruitful discussions. 
REFERENCES 
(1) Childress, L.; Walsworth, R.; Lukin, M. Atom-like crystal defects: 
From quantum computers to biological sensors. Physics Today 2014, 67, 
38–43. 
(2) Dolde, F.; Jakobi, I.; Naydenov, B.; Zhao, N.; Pezzagna, S.; Tra-
utmann, C.; Meijer, J.; Neumann, P.; Jelezko, F.; Wrachtrup, J. Room-
temperature entanglement between single defect spins in diamond. Nature 
Phys 2013, 9, 139–143. 
(3) Cappellaro, P.; Lukin, M. D. Quantum correlation in disordered spin 
systems: Applications to magnetic sensing. Phys. Rev. A 2009, 80, 155. 
(4) Raghunandan, M.; Wrachtrup, J.; Weimer, H. High-density quantum 
sensing with dissipative first order transitions. arXiv:1703.07358v1 2017. 
(5) Pfender, M.; Aslam, N.; Waldherr, G.; Neumann, P.; Wrachtrup, J. 
Single-spin stochastic optical reconstruction microscopy. Proceedings of 
the National Academy of Sciences of the United States of America 2014, 
111, 14669–14674. 
(6) Wildanger, D.; Patton, B. R.; Schill, H.; Marseglia, L.; Hadden, J. P.; 
Knauer, S.; Schönle, A.; Rarity, J. G.; O'Brien, J. L.; Hell, S. W. et al. 
Solid immersion facilitates fluorescence microscopy with nanometer reso-
lution and sub-ångström emitter localization. Advanced materials (Deer-
field Beach, Fla.) 2012, 24, OP309-13. 
(7) Zhang, H.; Arai, K.; Belthangady, C.; Jaskula, J.-C.; Walsworth, R. L. 
Selective addressing of solid-state spins at the nanoscale via magnetic res-
onance frequency encoding. npj Quantum Inf 2017, 3, 38. 
6 
(8) Jakobi, I.; Momenzadeh, S. A.; Oliveira, F. F. de; Michl, J.; Ziem, F.; 
Schreck, M.; Neumann, P.; Denisenko, A.; Wrachtrup, J. Efficient crea-
tion of dipolar coupled nitrogen-vacancy spin qubits in diamond. J. Phys.: 
Conf. Ser. 2016, 752, 12001. 
(9) Tao, Y.; Eichler, A.; Holzherr, T.; Degen, C. L. Ultrasensitive me-
chanical detection of magnetic moment using a commercial disk drive 
write head. Nature communications 2016, 7, 12714. 
(10) Jakobi, I.; Neumann, P.; Wang, Y.; Dasari, D. B. R.; El Hallak, F.; 
Bashir, M. A.; Markham, M.; Edmonds, A.; Twitchen, D.; Wrachtrup, J. 
Measuring broadband magnetic fields on the nanoscale using a hybrid 
quantum register. Nature nanotechnology 2017, 12, 67–72. 
(11) Doherty, M. W.; Manson, N. B.; Delaney, P.; Jelezko, F.; 
Wrachtrup, J.; Hollenberg, L. C.L. The nitrogen-vacancy colour centre in 
diamond. Physics Reports 2013, 528, 1–45. 
(12) Balasubramanian, G.; Chan, I. Y.; Kolesov, R.; Al-Hmoud, M.; 
Tisler, J.; Shin, C.; Kim, C.; Wojcik, A.; Hemmer, P. R.; Krueger, A. et al. 
Nanoscale imaging magnetometry with diamond spins under ambient con-
ditions. Nature 2008, 455, 648–651. 
(13) Maletinsky, P.; Hong, S.; Grinolds, M. S.; Hausmann, B.; Lukin, M. 
D.; Walsworth, R. L.; Loncar, M.; Yacoby, A. A robust scanning diamond 
sensor for nanoscale imaging with single nitrogen-vacancy centres. Nature 
nanotechnology 2012, 7, 320–324. 
(14) Clevenson, H.; Trusheim, M. E.; Teale, C.; Schröder, T.; Braje, D.; 
Englund, D. Broadband magnetometry and temperature sensing with a 
light-trapping diamond waveguide. Nature Phys 2015, 11, 393–397. 
(15) Nusran, N. M.; Momeen, M. U.; Dutt, M. V. G. High-dynamic-range 
magnetometry with a single electronic spin in diamond. Nature nanotech-
nology 2011, 7, 109–113. 
(16) Manson, N. B.; Harrison, J. P.; Sellars, M. J. Nitrogen-vacancy cen-
ter in diamond: Model of the electronic structure and associated dynamics. 
Phys. Rev. B 2006, 74, 664. 
(17) Appel, P.; Ganzhorn, M.; Neu, E.; Maletinsky, P. Nanoscale micro-
wave imaging with a single electron spin in diamond. New J. Phys. 2015, 
17, 112001. 
(18) Tetienne, J.-P.; Rondin, L.; Spinicelli, P.; Chipaux, M.; Debu-
isschert, T.; Roch, J.-F.; Jacques, V. Magnetic-field-dependent photody-
namics of single NV defects in diamond: An application to qualitative all-
optical magnetic imaging. New J. Phys. 2012, 14, 103033. 
(19) Epstein, R. J.; Mendoza, F. M.; Kato, Y. K.; Awschalom, D. D. Ani-
sotropic interactions of a single spin and dark-spin spectroscopy in dia-
mond. Nature Phys 2005, 1, 94–98. 
(20) van der Sar, T.; Casola, F.; Walsworth, R.; Yacoby, A. Nanometre-
scale probing of spin waves using single-electron spins. Nature communi-
cations 2015, 6, 7886. 
(21) Tetienne, J.-P.; Hingant, T.; Rondin, L.; Cavaillès, A.; Mayer, L.; 
Dantelle, G.; Gacoin, T.; Wrachtrup, J.; Roch, J.-F.; Jacques, V. Spin re-
laxometry of single nitrogen-vacancy defects in diamond nanocrystals for 
magnetic noise sensing. Phys. Rev. B 2013, 87, DOI: 
10.1103/PhysRevB.87.235436. 
(22) Schmid-Lorch, D.; Häberle, T.; Reinhard, F.; Zappe, A.; Slota, M.; 
Bogani, L.; Finkler, A.; Wrachtrup, J. Relaxometry and Dephasing Imag-
ing of Superparamagnetic Magnetite Nanoparticles Using a Single Qubit. 
Nano letters 2015, 15, 4942–4947. 
(23) Steinert, S.; Ziem, F.; Hall, L. T.; Zappe, A.; Schweikert, M.; Götz, 
N.; Aird, A.; Balasubramanian, G.; Hollenberg, L.; Wrachtrup, J. Mag-
netic spin imaging under ambient conditions with sub-cellular resolution. 
Nature communications 2013, 4, 1607. 
(24) Pelliccione, M.; Jenkins, A.; Ovartchaiyapong, P.; Reetz, C.; Em-
manouilidou, E.; Ni, N.; Bleszynski Jayich, A. C. Scanned probe imaging 
of nanoscale magnetism at cryogenic temperatures with a single-spin 
quantum sensor. Nature nanotechnology 2016, 11, 700–705. 
(25) Schäfer-Nolte, E.; Schlipf, L.; Ternes, M.; Reinhard, F.; Kern, K.; 
Wrachtrup, J. Tracking temperature-dependent relaxation times of ferritin 
nanomagnets with a wideband quantum spectrometer. Physical review let-
ters 2014, 113, 217204. 
(26) Zener, C. Non-Adiabatic Crossing of Energy Levels. Proceedings of 
the Royal Society A: Mathematical, Physical and Engineering Sciences 
1932, 137, 696–702. 
(27) Grinolds, M. S.; Warner, M.; Greve, K. de; Dovzhenko, Y.; Thiel, 
L.; Walsworth, R. L.; Hong, S.; Maletinsky, P.; Yacoby, A. Subnanometre 
resolution in three-dimensional magnetic resonance imaging of individual 
dark spins. Nature nanotechnology 2014, 9, 279–284. 
(28) Degen, C. L.; Poggio, M.; Mamin, H. J.; Rettner, C. T.; Rugar, D. 
Nanoscale magnetic resonance imaging. Proceedings of the National 
Academy of Sciences of the United States of America 2009, 106, 1313–
1317. 
(29) Arai, K.; Belthangady, C.; Zhang, H.; Bar-Gill, N.; DeVience, S. J.; 
Cappellaro, P.; Yacoby, A.; Walsworth, R. L. Fourier magnetic imaging 
with nanoscale resolution and compressed sensing speed-up using elec-
tronic spins in diamond. Nature nanotechnology 2015, 10, 859–864. 
(30) Chen, E. H.; Gaathon, O.; Trusheim, M. E.; Englund, D. Wide-field 
multispectral super-resolution imaging using spin-dependent fluorescence 
in nanodiamonds. Nano letters 2013, 13, 2073–2077. 
 
